Summary: Lactic acid was measured continuously in the dialysis perfusate emerging from the striatum of con scious, freely moving rats. The continuous measurement utilized a specific enzymatic/fluorometric detector that provided temporal information about the changes in the concentration of lactate in extracellular fluid (ECF). The level of lactate in extracellular fluid was found to be di rectly linked to local cellular metabolism. Inhibition of glycolysis with 2-deoxyglucose decreased the ECF level of lactate, whereas increased lactate production was ob served after uncoupling mitochondrial electron transport with 2,4-dinitrophenol. A transient increase in the extra-
Increases in the tissue content of lactic acid in the brain have often been utilized as indicators of anaerobic metabolism during periods of hypoxia and ischemia in the brain (Levy and Duffy, 1977; Kobayashi et al. , 1977; Hillered et aL, 1985; Smith et al. , 1986) , following chemically induced seizures (Chapman et aL, 1977; Folbergrova et aL 1981; Evans and Meldrum, 1984) and after electroconvul sive shock Howse and Duffy, 1975; Miller et al. , 1982) . This increase in lactic acid has also been associated with irreversible cell damage and cell death (Myers, 1979; Rehncrona et al. , 198 1) . The accurate measurement of lactate in tissue requires careful attention to the means by which the sample is obtained. This is due to the possibility of a large postmortem artifact arising from local tissue ischemia during the time between cellular level of lactate was found after neuronal stimula tion (e.g., electroconvulsive shock or local administra tion of kainic acid). The response to electroconvulsive shock could be attenuated by inhibiting the electrical ac tivity of neurons with tetrodotoxin. Thus, this system is capable of providing novel information about transient changes in the extracellular concentration of lactic acid in real time, and these changes can be related to changes in metabolism and neuronal activity. Key Words: 2-Deoxy glucose-Electroconvulsive shock-Intracerebral dial ysis-Kainic acid-Lactic acid-Te trodotoxin.
animal death and cessation of metabolic function in the sample (Bolwig and Quistorff, 1973; Ponten et aL, 1973) .
Intracerebral dialysis has been employed suc cessfully in the in vivo determination of the extra cellular concentrations of many neurotransmitters and metabolites (e. g., Hamberger et aL, 1983; Zet terstrom and Ungerstedt, 1984; Imperato and Di Chiara, 1984; Korf and Venema, 1985) . As sampling is accomplished in vivo, this technique allows the direct determination of species in extracellular fluid (ECF) without concern over postmortem artifacts. Additionally, experiments can be performed without anesthesia in freely moving animals, re sulting in the production of more physiologically relevant data. Therefore, intracerebral dialysis may be an ideal method for the measurement of changes in the utilization of energy in the brain, a subject that is of considerable importance in the etiology of seizure, ischemia, and other events that alter me tabolism in the brain (e. g. , Sokoloff, 1983) .
In this article, an enzymatic/fluorometric de tector, specific for the determination of lactic acid, is coupled directly to a dialysis probe implanted in the striatum of conscious, freely moving rats. This allows the continuous measurement of lactic acid and provides temporal information as well as quan titative information about the fluctuations in the concentration of lactate in ECF. A transient in crease in the extracellular level of lactate was found after neuronal stimulation (e.g., electroconvulsive shock or local administration of kainic acid). The response to electroconvulsive shock (ECS) could be attenuated by inhibiting neuronal activity with tetrodotoxin. Thus, this system is capable of pro viding novel information about transient changes in the extracellular concentration of lactic acid in the brain in real time.
MATERIALS AND METHODS

Surgery
Male rats (200-300 g, Wi star strain; locally bred by the Centraal Proefdieren Lab., Groningen, The Netherlands) were anesthetized with chloral hydrate (400 mglkg, i.p.) and placed in a stereotaxic apparatus. U-shaped cellulose dialysis tubes (molecular weight cutoff of 20,000; 200 f.Lm outer diameter; Cordis Dow, The Netherlands) were im planted bilaterally in the rat striatum, as described pre viously (Korf and Venema, 1985) . Rats were allowed to recover from surgery for 24-48 h prior to experimenta tion. In another set of experiments, dialysis perfusion was performed 7-8 days after surgery to determine the effect of the duration of implantation on the signal.
Dialysis perfusion
The striatum of freely moving conscious animals was perfused with a Hertz medium (artificial CSF, consisting of 120 mM NaC!, 15 mM NaHC03, 5 mM KCI, 1.5 mM CaCI2, 1.0 mM MgS04, and 6 mM glucose, equilibrated with 95% 02/5% CO2, pH 7.40). The dialysis rate was varied between I and 20 f.L1 min -I to determine basal levels of lactic acid. In all other experiments, a perfusion rate of 10 f.L1 min-I was used.
Enzymatic fluorescence detection
Lactic acid was detected fluorometrically via the gen eration of the reduced form of nicotinamide adenine di nucleotide (NADH) in a reaction catalyzed by lactate de hydrogenase (LDH) (Lowry and Passonneau, 1972) . As the chemical changes in the ECF of the brain can occur on a time scale of seconds, the sampling interval of the in vivo measurement is a critical factor in the accurate mea surement of transient neurochemical phenomena. There fore, the enzyme solution was mixed with the brain dialy sate on-line, immediately after the sample emerged from the brain (Fig. I) . The enzyme solution, consisting of 5 f.Lg ml-' LDH (L-lactate:NAD oxidoreductase, E.C. 1.1.1.27; isolated from pig heart, specific activity ca. 250 U/mg; Boehringer Mannhein, F.R.G.) and 0.5 mM NAD+ (Boeheringer Mannhein, F.R.G.) in a carbonate buffer (62.5 mM, adjusted to pH 9.5 with NaOH), was used at a flow rate of 50 f.LI min -1. This solution was kept in an ice-water bath in order to maintain the stability of the enzyme solution throughout the course of an experiment.
The tubing leading from the rat to the fluorometer (0.5 mm internal diameter x 125 cm) served as the reaction vessel, producing a reaction time of approximately 2 min. Schematic representation of a dialysis perfusion system coupled to a continuous flow enzymatic/fluores cence detector. The dialysis perfusion system consists of two matched flow lines, one of which is used to perfuse the dialysis cannula. This line has a 10-j,L1 loop injector to allow the introduction of drug solutions for the local application of drugs to the tissue immediately adjacent to the dialysis can nula. The other line is used to obtain a blank reference signal and to introduce lactate standards via a 100-j,Ll loop injector. The detection system is switched between these two lines such that sample, blank, and standards can be rapidly deter mined. The detection system consists of a reagent solution pumped at 50 fll min-l, which is mixed with the sample stream selected. The tubing between the "T" and the fluo rometer serves as the reaction vessel. NADH fluorescence is monitored at the detector and is used to measure the con centration of lactate in the dialysis stream.
The reaction time was evaluated at the conclusion of each experiment and was subtracted from the time of the observed signal. A 1O-f.LI flow cell was utilized in a fluor ometer (Aminco, Instrument Co. Silver Spring, MD, USA) with an excitation wavelength of 340 nm, where emission was recorded above 450 nm (Kodak-Wratten 2A filter, cutoff at 450 nm). The specificity of the method could easily be demonstrated by observing the response in the absence of LDH. No response was observed in any of the experiments when LDH was omitted from the en zyme solution.
Electrically induced shocks
Rats were shocked with an EIther Electroshock appa ratus (type ES). Current was delivered through earclips at a frequency of 50 Hz during I s (total power 8-10 W, biphasic sinusoidal waveform). The rats had generalized seizures for 30-45 s and remained sedated for 15-30 min following the shock. The rats were shocked on the first or second day or the seventh or eighth day after surgery, and were perfused continuously before, during, and after the applied shocks. In five rats, tetrodotoxin (TTX) (25 f.LM) was added to the dialysate I h after the first ECS. A second electroconvulsive shock was delivered approxi mately I h after addition of TTX. All rats exhibited ipsi lateral turning behavior prior to the delivery of the second shock.
Chemical treatment
Solutions of 2,4-dinitrophenol (2,4-DNP) (6 mM; dis solved in 0.25 N NaOH, neutralized to pH 7.4 with HCI and diluted with Hertz medium), kainic acid (0.5 mM), or 2-deoxyglucose (2-DG) (100 mM) were prepared in Hertz medium. Rats were exposed to short doses (10 f.LI) of these drugs in the perfusion fluid, which resulted in ex posure of the drug to brain tissue immediately adjacent to the dialysis cannula for approximately 1 min. Alterna tively, a long-term exposure of the drug was produced by continuous substitution of the Hertz medium with the drug solution.
Presentation of the results and statistics
The lactic acid concentration is expressed either as the instantaneous concentration of lactic acid in the dialysate or as the basal value in extracellular fluid. The basal level of lactate was evaluated with a nonlinear least-squares regression of the dialysate data (corrected for dilution with the enzymatic solution) versus flow rate {fitting the equation C = Co[l -exp( -KA/F)]. where C and Co are the concentrations of lactate inside and outside the dial ysis tube, respectively, K is the membrane permeability, A is the area of the membrane exposed to brain tissue, and F is the flow rate}. At least three different flow rates were used in each rat for this determination. This allows the direct calculation of ECF concentrations (equivalent to the concentration in the dialysate at zero flow rate) without the need for in vitro calibration of each dialysis probe (Jacobson et aI., 1985; Lerma et aI. , 1986) .
RESULTS
Characteristics of the perfusion/detection system
Lactic acid readily permeates the dialysis fiber, and the transfer of lactate through the membrane is strictly diffusion-controlled. The principles of this process can be found elsewhere (Colton and Lowrie, 1981) . Additionally, its perfusion characteristics are identical to those reported in the literature for amino acids (Korf and Venema, 1985; Jacobson et aI. , 1985; Lerma et aI. , 1986) . The enzymaticlfluo rescence detector had a detection limit of 1 f-LM lac tate and had a linear response between 1 and 200 f-LM lactate in the dialysate (roughly corresponding to a concentration range of 0. 02-4.0 mM lactate in the fluid outside the dialysis membrane). This ar rangement produced a system easily capable of measuring basal levels of lactate in ECF and pro vided a continuous record of lactate production in the brain with an average response time (10-90% of full-scale response) of 40 s.
Basal levels of lactic acid in ECF
The concentration of lactic acid in ECF was cal culated in control rats and in rats 40 min after ECS or 40 min after ECS and TTX (Table l) . No long lasting changes in the basal extracellular level of lactic acid were found after exposure of the rat to short local doses of 2,4-DNP or kainic acid (data not shown). The concentration of lactic acid in the perfusate was stable in control rats over the dura tion of the experiment (from 4 to 8 h), indicating that the perfusion did not induce a significant de pletion of ECF lactate in this time period. The rate at wh i ch lactate is removed from the striatum by the perfusion system can be approximated by di viding the output rate [average dialysate concentra- tion (72 f-LM) times the flow rate (10 f-LI min -I)] by the mass of the striatum (approximately 0.035 g), yielding a value of 0. 02 f-Lmol min -J/g tissue.
Response to metabolic inhibition
Mitochondrial respiration was uncoupled with lo cally applied 2 , 4-DNP (60 nmol; a 10-f-L1 injection of 6 mM 2,4-DNP in the perfusion fluid) and produced a small transient increase in the extracellular con centration of lactic acid (Fig. 2, Ta ble 1) . Inhibition of glucose metabolism with 100 mM 2-DG in the Increased lactate efflux after uncoupling mitochon drial electron transport. Administration of 10 f.ll of 6 mM 2, 4-DNP (indicated by the arrow) through the dialysis cannula in the striatum of a conscious, freely moving rat results in a short increase in ECF lactate levels (control; basal level was 66. 2 ± 12.4 f.lM), 2,4-DNP absorption produces a negative deviation for the first few minutes, thereby obscuring the ini tial effect. Thereafter, an increase in lactate is observed. In some rats, 100 mM 2-DG was perfused through the dialysis cannula for 1 h prior to 2,4-DNP treatment (after 2-DG; basal level was 27. 0 ± 10. 6 fLM). The curves shown are an average of those obtained in four different animals (representative SEMs are shown at 5-min intervals for clarity, n = 4).
perfusion fluid resulted in a slow decrease in ECF lactate until a steady-state level was reached after approximately 40 min (Fig. 3) .
Effect of ECS
A large, rapid increase in the extracellular level of lactic acid was observed after administration of a single ECS (Fig. 4) . Analysis of the time course of the response indicates that lactate levels were half maximal 2.03 ± 0.16 min after delivery of the shock (n = 9; Ta ble 2). The ECS response of rats 7 days after surgery was attenuated and delayed (Fig.  4, Ta ble 2) . Pretreatment of rats shocked within 48 h of surgery with 25 f..l M TTX in the perfusion me dium for 1 h also resulted in a dramatic attenuation and delay in the increase in ECF lactate levels (Fig.  5, Ta ble 2 ).
Pharmacological response
Administration of 5 nmol kainic acid (lO-f..l 1 expo sure of 0.1 mg ml � 1 kainic acid) also produces an immediate increase in ECF lactate, and the effect is long lasting (Fig. 6) . Pretreatment of the rat with 100 mM 2-DG in the perfusion fluid prior to admin istration of kainic acid completely blocks the ob served response (Fig. 6 ).
DISCUSSION
Direct coupling of intracerebral dialysis perfu sion to a specific enzymaticlfluorescence detector allows the rapid determination of extracellular lactic acid in the brain of a conscious, freely moving rat. The on-line detection of lactic acid il lustrates several important features of the dialysis perfusion technique. The response time of this dial ysis system (40 s) is much faster than many appli cations have utilized previously (e.g., Zetterstrom and Ungerstedt, 1984; Imperato and DiChiara,
80
; 60 . This allows a better characterization of neu rochemical phenomena, as the time course of chemical changes can be determined more accu rately. Additionally, instantaneous concentration measurements are more reliable because the rapid response ensures less averaging of fluctuating con centrations. Perfusion of the striatum did not result in severe depletion of ECF lactate, as a steady-state level was rapidly observed and lactate levels were constant over several hours of perfusion. More over, the rate at which lactate was removed via the perfusion system (0.02 f..l mol min � l/g tissue) was very small when compared to the rate of glycolysis in striatum (1.1 f..l mol min -l/g tissue) (Sokoloff et aI., 1977) . The concentration of lactate in ECF can be in creased by the stimulation of neuronal activity. Specific chemical activation of neuronal processes was elicited with kainic acid. Local administration of kainate produces a long-term increase in ECF lactate. As kainate is an excitatory neurotoxin, the observed signal may arise from a combination of neural excitation and cell death. However, the dose of kainate employed is less than 5% of the dose normally employed to produce lesions, and the re sponse was observed long before the toxic effects of kainate are manifest. Additionally, the effect could be repeated in the same animal. Therefore, cell death is unlikely to represent a major contribu tion to the observed response. The kainate-induced response is also dependent on the presence of func tional glucose metabolism, as the response can be blocked by local pretreatment with 2-DG.
ECS, a global neuronal stimulus, produces an im mediate increase in extracellular lactate levels. The changes observed in ECF, however, are smaller and much slower than those observed in whole 40   FIG. 3 . Inhibition of glycolysis decreases ECF lac tate levels. Addition of 100 mM 2-DG to the dialysis perfusate causes an immediate decrease in lactate levels in ECF in the striatum of a rat. The curve shown is an average of that obtained in seven dif ferent animals (representative SEMs are shown at 5-min intervals for clarity, n = 7) . brain tissue, where lactate rises to a level 2-5 times the basal tissue level within 10 s (Duffy et aI., 1975; Howse and Duffy, 1975; Miller et aI., 1982) . The delayed appearance of lactate in ECF may be a re sult of restricted transport of lactate into ECF, as it is unlikely that acidic species can diffuse freely through cellular membranes. Alternatively, tissue measurements of lactate, performed postmortem, may be somewhat elevated due to local tissue isch emia during the time between animal death and cessation of metabolic function in the sample (Bolwig and Quistorff, 1973; Ponten et aI., 1973) . TTX is thought to block the electrical activity of neurons by inhibiting Na + channels (Narahashi, 1974) . Local administration of TTX does not affect the basal level of the lactic acid, but does attenuate the ECS-induced response. This is in agreement 
Control (9) 2.03 ± 0.16 50.5 ± 3.8 170.4 ± 13.5 7-Day recovery (5) 3.95 ± 0.36d 33.8 ± 8.41' 148.7 ± 30.5 After 25 flM TTX (5) 3.47 ± 0.53' 17.6 ± 4.45-128.6 ± 22.1 a Rise time was defined as the time required for lactate levels to reach one-half the maximal lactate concentration (mean ± SEM).
b Reported as the maximal absolute increase in the concentration of lactate in the dialysate in response to a I-s, 50-Hz, 8-1O-W electrocon vulsive shock (mean ± SEM).
,. The maximal value (mean ± SEM) was calculated with the assump tion that the observed change in lactate was added to a basal value of 71. 7 ± 8.0 flM lactate (Table I) .
d Significantly different from control. p < 0.001. two-tailed Student's t test.
, Significantly different from control, p < 0.01, two-tailed Student's t test.
f Significantly different from control, p < 0.05, two-tailed Student's t test . FIG. 4 . ECS elevation of ECF lactate levels in rat striatum. Administration of a 1-s, 50-Hz, 8-10-W electroconvulsive shock (arrow) either 1 day or 7 days after surgery results in an immediate increase in lactic acid in the rat striatum. The curves shown are an average of those obtained in four different animals (SEMs are shown at 5-min intervals for clarity, n = 4).
with previous studies performed with slices of brain cortex, where TTX was shown to inhibit impulse dependent metabolism and not to affect metabolism in the resting state (Chan and Quastel, 1967) . This tends to indicate that increases in lactate may be related to increased neuronal activity, but that the basal concentration of lactate is not entirely depen dent on such activity in the striatum of the rat.
The ECS response is dependent on the type of tissue adjacent to the dialysis fiber. Dialysis can nulas implanted in the rat brain for 7 or 8 days de velop an outer layer of fibrous glia that can inter fere with the measurement of neurotransmitter re lease (Hamberger et aI., 1983) . The appearance of lactate following ECS is also attenuated and de layed in these rats (Fig. 4) , indicative of the diffu sional barrier between the site of release and the probe. Assuming linear diffusion with a reduced diffusion coefficient due to the tortuosity of brain tissue (Nicholson and Phillips, 1981) , the delay ob served in the appearance of lactate (115 s; Table 2 ) may be utilized to estimate the distance travelled by lactate [1 = (Dot) 'Il , where 1 is the distance in cm, Do is the diffusion coefficient (2 x 10-6 cm2 s -I for anionic species) (Rice et aI., 1985) , and tis the time in seconds]. This yields a diffusion dis tance of approximately 150 j.lm, which is in good agreement with the extent of glial fibrosis observed around a dialysis fiber implanted in the brain for 1 week (approximately 100-200 j.lm, Imperato and DiChiara, 1985) .
The concentration of lactic acid in ECF is depen dent on the metabolic activity of cells near the dial ysis cannula. As the intracellular concentration of lactate is regulated by the fast equilibrium reaction catalyzed by LDH, its concentration in this com partment is presumably only dependent on three factors-the cytoplasmic redox state, pH, and py ruvate concentration . Therefore, these parameters were manipulated to alter the intracellular fluid (ICF) level of lactate and to verify that ECF levels reflect changes in ICF lac tate.
Seizure induced by a single ECS causes a dra matic shift in the cytoplasmic redox state and in in tracellular pH, resulting in increased lactate forma tion Merrill and Guynn, 1982) . As mentioned above, the initial response ob served in ECF is smaller than that observed in tissue. Once lactate levels are elevated, however, the rate at which ECF lactate returns to steady state is very similar to that observed in tissue (Mer- Local kainic acid administration produces a transient increase in ECF lactic acid. Administration of 10 J.LI of a 0. 5-mM kainic acid solution through the dialysis cannula pro duces a transient increase in ECF lactate (Control; basal level was 74.5 ± 11.6 J.LM). This increase can be virtually eliminated by a 1-h local pretreatment with 100 mM 2-DG (after 2-DG; basal level was 26. 9 ± 7. 9 J.LM). The curves shown are an average of those obtained in four different an imals (SEMs are shown at 5-min intervals for clarity, n = 4). rill and Guynn, 1982) . Additionally, disruption of the cytoplasmic redox state with 2, 4-DNP, an un coupler of electron transport (and which is active in vivo) (Kariman et aI. , 1986) , produces an increase in lactate tissue levels in the brain (in vitro) (McIl wain and Gore, 1951) . This is also observed in ECF following local administration of 2,4-DNP through the dialysis cannula (Fig. 2) .
The extracellular concentration of lactate can also be shown to be directly coupled to glucose me tabolism. When glycolysis is inhibited by the ad ministration of 2-DG (through the formation of 2-deoxyglucose-6-phosphate) (Horton et aI. , 1973) , the amount of pyruvate available for metabolism is diminished. This, in turn, reduces the level of lactic acid in brain (Miller et aI. , 1986) , presumably be cause of its reconversion to pyruvate for subse quent utilization in aerobic respiration. The de crease in cytosolic lactate is soon observed in ECF, where lactate levels fall to a lower steady-state level within 30 min of local 2-DG administration (30. 4 ± 6. 0% of control, n = 7, Fig. 3) .
The drastic reduction of ECF lactate levels by the local inhibition of glycolysis indicates that the lactate measured with this method is derived pri marily from metabolism occurring in tissue directly adjacent to the probe. This, when combined with evidence that the permeability of the blood-brain barrier to lactate is low in adult rats (Cremer et aI. , 1979) , suggests that it is unlikely that the other pos sible sources of lactate, e.g. , the blood stream or distant tissues, contribute significantly to the ob served concentration of lactate in ECF. This is sub stantiated by the fact that the kainate-and DNP-in duced responses could be almost completely elimi nated with local 2-DG pretreatment.
In summary, in vivo dialysis perfusion of the conscious brain of the rat has been utilized to ex amine the dynamics of lactic acid in ECF. Rapid analysis of the dialysate allowed the accurate por trayal of the time course of fluctuations in concen trations, as well as the accurate measurement of steady-state levels of lactic acid. The information obtained with this method is complementary to that obtained with other methods used to estimate the changes in neuronal metabolism (e.g., Sokoloff, 1983) . The changes in the extracellular concentra tion of lactate were found to be directly related to changes in cellular metabolism in the tissue sur rounding the perfusion cannula. Although steady state lactate levels in ECF appear to be only mini mally dependent on the firing activity of neurons in the striatum, large-scale changes in such activity, induced either directly with ECS or chemically with kainic acid, produce large changes in the concen tration of lactic acid in extracellular fluid.
